Two novel quaternary ammonium salts, bis-triazolium derivatives of fluconazole and pyridoxine, were synthesized by reaction of fluconazole with pyridoxine-based synthetic intermediates. The leading compound demonstrated pronounced antimycotic and antibacterial in vitro activity, comparable to or exceeding that of the reference antifungal (fluconazole, terbinafine) and antibacterial/antiseptic (miramistin, benzalkonium chloride) agents. In contrast to many antimicrobials, the leading compound was also active against biofilm-embedded staphylococci and Escherichia coli. While no biofilm structure destruction occurred, all compounds were able to diffuse into the matrix and reduce the number of colony-forming units by three orders of magnitude at 16 × MBC. The leading compound was significantly less toxic than miramistin and benzalkonium chloride and more toxic than the reference antifungal drugs. The obtained results make the described chemotype a promising starting point for the development of new broad-spectrum antimicrobial therapies with powerful effect on fungal and bacterial pathogens including their biofilmembedded forms.
Introduction
In the last decades, there is drastic increase of diseases caused by microscopic fungi. Among them, dermatomycetes, such as Trichophyton spp., which are the main causative agents for dermatomycoses in both immunocompetent and immunocompromised patients, become a serious clinical problem. The widespread distribution of microscopic fungi in the natural environment results in multiple direct contacts of humans with the pathogens. The anthropogenic factors also contribute to accumulation of hazardous fungal strains in the environment and to an increased number of immunodeficient people prone to secondary mycoses caused by conditionally pathogenic fungi including Aspergillus, Rhizopus, Fusarium, Paecilomyces, Candida, and Rhodotorula [1] .
Candida albicans is one of the most widely distributed dimorphic microscopic fungi growing as both yeast and filamentous cells and causing deep and cutaneous forms of candidiasis in humans being responsible for 50-90% of all cases of candidiasis in humans [2] . Systemic fungal infections (fungemias) including those which are caused by C. albicans have emerged as important causes of morbidity and mortality in immunocompromised patients (e.g., patients with AIDS, after cancer chemotherapy, and organ or bone marrow transplantation) [3, 4] .
C. albicans possesses well developed mechanisms of adaptation, which can significantly enhance their pathogenicity. One of such mechanisms is forming the biofilms on tissues and abiotic surfaces and implants that dramatically increase 2 Journal of Chemistry the pathogen's resistance to antifungal agents [5, 6] . Within the biofilm, fungal cells are protected from the immune system of the host, antimycotics, and antiseptic agents. In biofilms, the specific fungal populations survive with the most resistant and virulent phenotypes formed due to a prolonged action of biological and chemical agents. As a result, the cells released from biofilms often cause acute fungal infections highly resistant to the treatment. Candidiasis commonly occurs on mucous membranes of mouth, vagina, and other organs, where C. albicans forms rigid biofilms, which have been considered as one of the critical factors providing fungal resistance to traditional antimycotic drugs, including azoles, polyenes, and echinocandins [7] .
Microbial associations, natural communities of several microorganisms, represent additional serious clinical problem [8, 9] . Certain types of microorganisms involved into the association and resistant to antimicrobial agents enhance the vital activity and resistance of other species as a result of the interaction. As a result, such associations are very resistant to various factors. Many patients with chronic skin mycoses are often infected with various fungal strains belonging to different species, genera, and even classes. Therefore, the effective antifungal drug should have a systemic action, which warrants its efficient penetration into damaged organs and tissues and the fungal mono-and polymicrobial biofilms.
There are a wide number of antimycotic drugs in current clinical practice [10] . One of the most popular azole compounds, fluconazole, is a first-generation fungistatic triazole often used for the treatment of cutaneous and other forms of candidiasis [11] . Fluconazole inhibits ergosterol synthesis and thus alters membranes of fungal cell. Fluconazole is actively used for the treatment of Candida infections and possesses favorable safety profile and good pharmacokinetic characteristics. However, its narrow antifungal spectrum, in particular, low activity against non-Candida fungi, has greatly affected its therapeutic efficacy in clinic [12] . There is also extensive documentation of intrinsic and developed resistance to azole antifungals among Candida species [13] . In addition, poor water solubility of fluconazole makes it problematic to develop effective delivery forms for intravenous administration. These issues stimulated many studies associated with structural modification of fluconazole, including esterification of hydroxyl group and modification of 2,4-difluorobenzyl and triazolyl moiety, aimed to improve its water solubility and/or antimicrobial spectrum (e.g., [14] [15] [16] ). A successful example was fosfluconazole, a prodrug developed for the treatment of infections caused by Candida albicans and Cryptococcus, which exhibited broader antifungal activity spectrum than fluconazole [17] .
In a more general context, several studies have revealed that the transformation of triazolyl ring into triazolium could result in enhanced antimicrobial action. Triazolium is able to form additional hydrogen bonds and produce electrostatic interaction with biological targets, and these structural features can affect the diffusion and interaction in bacterial tissues with the enhancement of water solubility and membrane permeability [18] . Thus, quaternization of N-4 position of triazole ring in fluconazole produced the corresponding triazolium compounds, which demonstrated promising antibacterial potential [19] .
In light of the described promising results, it was reasonable to explore further structural modifications of fluconazole. In this work, we have obtained two novel quaternary ammonium salts, bis-triazolium derivatives of fluconazole and pyridoxine. The introduction of pyridoxine (vitamin B6) moiety into the developed hybrid structures can potentially enhance the transmembrane transport of the whole constructs via several possible mechanisms like either specific pyridoxine transporters in cellular membranes [20] or recognition of pyridoxine-modified molecules by the cell as endogenous [21] . Another practical reason for introduction of pyridoxine-based cyclic acetals into the developed hybrids is the possibility of easily varying the acetal substituents in order to modify lipophilicity, steric parameters, and other physicochemical properties of the obtained structures.
Materials and Methods

Synthetic Procedures.
1 H and 13 C NMR spectra were recorded on a Bruker AVANCE 400 at operating frequency of 400 and 101. . Coupling constants (J) are given in Hertz (Hz). The following abbreviations are used to describe coupling: s = singlet; d = doublet; t = triplet; m = multiplet; q = quartet; br s = broad singlet; qd = quartet of doublets; AB = AB system. Melting points were determined using a Stanford Research Systems MPA-100 OptiMelt melting point apparatus and are uncorrected. For TLC analysis, silica gel plates from Sorbfil (Krasnodar, Russia) were used with UV light (t, 254 nm/365 nm) or iron (III) chloride as developing agent. Column chromatography was performed on silica gel (60-200 mesh) from Acros or reversed phase chromatography on chromatograph PuriFlash 450 (PF-15C18HP column, Interchim). HRMS mass spectra were obtained on a quadrupole time-of-flight (t, qTOF) AB Sciex Triple TOF 5600 mass spectrometer using turbo-ion spray source (nebulizer gas nitrogen, a positive ionization polarity, needle voltage 5500 V). Recording of the spectra was performed in "TOF MS" mode with collision energy 10 eV, declustering potential 100 eV, and resolution more than 30,000 full-width half-maximum. Samples with the analyte concentration 5 mol/L were prepared by dissolving the test compounds in a mixture of methanol (HPLC-UV Grade, LabScan) and water (LC-MS Grade, Panreac) in 1 : 1 ratio [22] . HPLC-MS analysis was performed using Agilent Zorbax Eclipse Plus C18 column (2.1 × 100 mm, particle size 3.5 m) with the flow rate of mobile phase 400 L/min. The HPLC purity of compounds 4a,b was >98%.
Synthesis and analytical parameters of compounds 2a,b and 3a have been described in our previous paper [23] . Fluconazole has been purchased from Sigma-Aldrich (USA)-SKU-Pack Size PHR1160-1G. [1, 3] dioxino [4,5- For the inoculum preparation, the pure 2-and 5-day cultures of yeasts and filamentous fungi, respectively, grown on Sabouraud dense nutrient medium, were used. Yeast cultures of C. albicans were prepared by flushing the culture from the surface of the solid agar medium. Cultures of mycelial fungi T. rubrum, R. nigricans, A. fumigatus were preground in a mortar. A suspension of microorganisms was prepared in a sterile isotonic solution of sodium chloride. The cell concentrations were (1 ÷ 5) × 10 3 for yeast fungi and (0.4 ÷ 5) × 10 4 for mycelial fungi.
6-(Bromomethyl)-8-methyl-2-propyl-4H-
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The study of the antifungal activity of substances in vitro was carried out in a liquid nutrient medium (glucose Sabouraud broth) in biological test tubes by 2-fold serial dilutions approach. Test compounds were prepared at concentrations ranging from 400 to 0.38 g/mL. A test tube in the absence of test compounds served as a control. To each tube, 50 L of inoculum was added. The tubes were incubated for 2-7 days at 30 ∘ C. To the end of this period, the results
were assessed by visual analysis of optical density of the medium. The following MIC endpoints were determined: 0 = clear solution, no growth; 1 = weak growth (25% control); 2 = significant inhibition of growth (50% control); 3 = insignificant growth inhibition (75% control); 4 = no growth inhibition. All experiments were carried out in duplicate.
Activity against the Clinical Strains of C. albicans in
Biofilms. The ability of fluconazole and 4b to inhibit the biofilm formation was evaluated on the following C. albicans strains: C. albicans P-1663 (isolated from pharynx mucosa); C. albicans P-4467 (isolated from skin). These strains were obtained from a collection of clinical isolates of the Kazan Institute of Microbiology and Epidemiology (Kazan, Russia).
To detect the inhibitory effect of the studied compounds on C. albicans biofilm formation, a semiquantitative determination of biofilm formation was performed in microtiter plates as described earlier [24, 25] . The cell culture seeded in Sabouraud liquid medium was incubated in orbital shaker (180 rpm) for 24 h at 30 ∘ C. Then the culture was washed twice with a sterile phosphate buffer and resuspended in Sabouraud liquid medium to achieve the final cell density 1.0 × 10 6 cells/mL. A 100 L cell suspension was added to 96-well flat-bottom polystyrene microsheets (Corning/Costar, USA) and incubated for 24 hours at 37 ∘ C. After biofilm formation, the plates were washed three times with sterile phosphate buffer and the biofilm formed at this point was taken as the biofilm level before the treatment. Then 125 L aliquots of test compounds were added in various concentrations, and the plates were incubated for 48 hours. After incubation, the plates were washed three times with sterile phosphate buffer, dried for 30 minutes at 37 ∘ C, and stained with 125 L of a 1% aqueous solution of crystal violet. After staining for 20 minutes at 37 ∘ C, the plates were washed, 125 L of 95% ethanol was added to dissolve the stained dye, and the optical density at 620 nm was measured using a spectrophotometer to assess the amount of adhered and stained cells. All experiments were carried out in triplicate. MICs were determined by using the broth microdilution method in 96-well plates (Eppendorf) according to the EUCAST rules for antimicrobial susceptibility testing [26] with some modifications. Briefly, the 10 8 cells/ml bacterial suspensions were subsequently diluted 100-fold with TSB broth to obtain a 1 × 10 6 cells/mL suspension, and various concentrations of antimicrobials were added in microwell plates up to final concentrations of 0.5-64 g/mL. The cultures were incubated at 37 ∘ C for 24 h. The minimum inhibitory concentration was defined as the lowest concentration of compound at which no visible growth could be seen after 24 h of cultivation at 37 ∘ C. To determine minimum bactericidal concentration, 5 L of culture liquid from wells without visible growth was plated on solid LB medium and incubated for 24 h at 37 ∘ C. MBC was assumed at antimicrobials concentrations where no viable planktonic cells were observed. All experiments were performed in triplicate.
For investigation of the antimicrobial mechanism of compound 4b, MICs were also determined in the presence of 0.1 M CaCl 2 in nutrient broth on six Gram-positive and Gram-negative strains from the same bacterial panel.
Activity against Bacterial
Biofilms. Bacterial biofilms were grown under static conditions in BM for 72 h at 37 ∘ C. Subsequently, the supernatants were carefully removed and the biofilms were washed with fresh sterile BM broth. Aliquots (500 L) of antimicrobials solutions with concentrations between 1 and 16 MBC in fresh BM buffer were added to the wells, and cultivation was continued for 24 hours at 37 ∘ C. To evaluate the viability of biofilm-embedded cells, the wells were washed several times with sterile phosphate-buffered saline (PBS) to remove nonadherent and detached cells. The washed biofilms were suspended in PBS by scratching the well bottoms with following treatment in a sonicator bath for 2 min at 20 kHz to favor the disintegration of bacterial clumps, and viable cells were counted by a drop plate method with minor modifications [27, 28] . The serial 10-fold dilutions of each well were prepared and a 5 L aliquot of the suspension was dropped onto LB agar plates. CFUs were counted from those drops containing 5-10 colonies and presented as CFU per mL.
Experiments were carried out in biological triplicates (i.e., newly prepared cultures and medium) with 3 independent repeats in each one. Since the drop plate assay results were assessed from 10-fold dilutions, where the number of colonies was typically countable only in the two latter dilutions, to assess the statistical significance, we compared 10log 10 ( ), where is the obtained cell number, using Pearson's chisquared homogeneity test.
Cytotoxic Activity. The human fibroblast cells (HFC)
or embryonic kidney 293 cells (HEK-293) were cultured in -MEM supplemented with 10% FBS, 2 mM L-glutamine, 100 g/mL penicillin, and 100 U/mL streptomycin. The cells were seeded in 96-well plates at the density of 1000 cells per well and then allowed to attach overnight. Cells were cultured in the presence of the tested compound's solutions 2.2.6. Genotoxicity. The SOS-chromotest was performed by using the Salmonella typhimurium TA1535/pSK1002. Briefly, aliquots of 0.5 mL of an overnight culture of the tester strains were diluted in 5 mL of LB medium and then incubated with rigorous agitation in presence of the ficin substances. Mitomycin C (Sigma) at concentration of 1 g/mL was used as a positive control in SOS-chromotest. After 4 h of incubation, the cell density (A600) and the -galactosidase activity were measured by Miller's protocol [29] with modifications [30] . Cells were harvested from 0.5-1.5 ml of culture liquid and resuspended in 800 l of Z-buffer (60 mM Na 2 HPO 4 × 7H 2 O, 40 mM NaH 2 PO 4 × H 2 O, 10 mM KCl, and 1 mM MgSO 4 × 7H 2 O (pH 7.0)) containing additionally 0.005% cetyl trimethylammonium bromide (CTAB) and 50 mMmercaptoethanol was added. After preincubation at 30 ∘ C for 5 min, the reaction was started by adding 200 L of 4 mg/mL o-nitrophenyl--D-galactopyranoside in Z-buffer. When the yellow color appeared, the reaction was stopped by 500 L of 1 M Na 2 CO 3 . For the blank solution, the Na 2 CO 3 was added prior the incubation. The -galactosidase activity was measured at A420 nm. To calculate the Miller units, we used the following formula: [A420/(A600 of 1 : 10 dilution of cells × time of incubation)] × 1000. S. typhimurium strains TA98, TA100, TA102, TA1535, and TA1537 were used for the Ames test. Briefly, S. typhimurium strains [31] were grown overnight in 5 mL of LB medium and diluted 4-times by prewarmed LB, and then incubation was continued for 2 h. Cells were harvested, washed once by 1x salt base solution (sodium citrate × 3X 2 \ -0.5 g/L;
and resuspended in 6 mL of 1x salt base. About 100 L of bacterial suspension was mixed with top agar (0.5% agar, 0.5% NaCl, 5 mM Lhistidine, 5 mM biotin, pH 7.4, 42 ∘ C) in a final volume of 3 mL and with the substance to be tested. Each mixture was then seeded onto the minimal agar plates (1.5% agar in the 1x salt base supplemented with 0.5% glucose and ampicillin 10 g/mL). Then the plates were incubated at 37 ∘ C for 72 hours and colonies were counted. Sodium azide was used as a positive control for S. typhimurium TA100 (5 g/plate) and S. typhimurium TA102 (20 g/plate) and TA1535 (5 g/plate); 9-aminoacridine was used as a positive control for S. typhimurium TA1537 (5 g/plate); 4-nitro-ophenylenediamine was used as a positive control for S. typhimurium TA98 (2.5 g/plate).
Results and Discussion
Results
Synthesis.
The synthetic way to the studied compounds is shown in Scheme 1. The key intermediates 2a,b have been obtained from initial pyridoxine hydrochloride 1 according to procedure described previously [23] . Reaction of 2a,b with triphenylphosphine and N-bromosuccinimide in dichloromethane gave the corresponding bromides 3a,b as the main products. Reaction of 3a,b with fluconazole in acetonitrile led to the target compounds 4a,b. The synthesis is convenient and well reproducible at a laboratory scale. Compounds 4a,b were purified using flash chromatography on C18 silica gel. Synthesis and analytical parameters of compounds 2a,b and 3a have been described previously [23] , while compounds 3b and 4a,b are described in this work for the first time.
Antimycotic Activity.
Antimycotic activity of compounds 4a,b was studied on a panel of fungal pathogens (Table 1) in comparison with fluconazole and terbinafine as reference drugs. Compound 4b exhibited a pronounced antimycotic activity against all the tested fungi with minimum inhibitory concentrations (MIC) 1.5, 6.25, 3.12, and 3.12 g/mL against C. albicans No. 1663, T. rubrum, A. fumigatus, and R. nigricans, respectively, which were 15-30-fold lower than those of fluconazole and similar with those of terbinafine. In the case of A. fumigatus, 4b exhibited higher activity than terbinafine (MICs 3.12 g/mL and 12.5 g/mL, respectively). Compound 4a demonstrated a moderate fungicidal effect against the clinical strain of C. albicans (MIC 25 g/mL), but was less active against the mycelial fungi with MICs of 200 g/mL. Interestingly, the direct analog of the obtained compounds, fluconazole, was inactive in this experiment against the investigated mycelial fungi and only moderately active against the clinical strain of C. albicans (MIC 50 g/mL).
Prevention of C. albicans Biofilm Growth.
Formation of biofilms is one of the important mechanisms of C. albicans survival. We tested whether fluconazole and the leading compound 4b are able to inhibit the biofilm formation of clinical isolates of C. albicans in vitro (Figure 1) . The 24-hourold biofilm of C. albicans was prepared in 96-well plates. In control wells, the biofilm was stained with crystal violet and taken as biofilm level before treatment (green line). In experimental wells, various concentrations of fluconazole and 4b in Sabouraud broth were then added. After 48 h of incubation the biofilms were evaluated using a crystal violet assay. Figure 1 demonstrates that fluconazole inhibits the biofilm biomass growth only at concentrations higher than 200 g/mL. At lower concentrations it increases the biofilm formation by C. albicans clinical isolates, leading to 2-2.5-fold increase of total biofilm mass in comparison with untreated control; this effect is maximally pronounced at concentrations between 25 and 50 g/mL. The effect of 
Scheme 1: Synthesis of compounds studied in this work. 
C. albicans P-1663 C. albicans P-4467
Biofilm before treatment C. albicans P-4467 C. albicans P-1663 Fluconazole escape of Candida from inhibition by antifungal agents at concentrations above the MIC (paradoxical or Eagle effect) was previously reported. Thus, a growth of some C. albicans strains in vitro [32, 33] , in vivo [34] , and in biofilms [35] was observed for caspofungin. It was also shown that fluconazole can induce the growth of planktonic C. krusei at sub-MICs [36] . Although the molecular mechanisms of such effects of antifungal agents remain largely unknown, it has been argued that the salvage pathways associated with changes in cell morphology and cell wall rearrangements [37] play a principal role.
In contrast to fluconazole, compound 4b effectively suppressed the biofilm growth even at minimal concentrations as compared to untreated sample (Figure 1 ). Of note, the treatment with fluconazole and 4b did not lead to destruction of preformed biofilm.
Antibacterial Activity.
The antibacterial activity of compounds 4a,b was evaluated on various Gram-positive and Gram-negative bacteria. Table 2 shows MICs of compounds in comparison with the reference antifungal drugs (fluconazole and terbinafine) and antibacterial drugs (benzalkonium chloride and miramistin). Compound 4b demonstrated high antibacterial activity with MICs in the range of 0.5-32 g/mL for all the studied pathogens. Its activity against the Grampositive strains in this test (MICs 0.5-8 g/mL) was comparable with that of the reference antibacterial drugs. At the same time, it was active against all the four Gram-negative strains (MICs 8-32 g/mL), while benzalkonium chloride was inactive against K. pneumoniae. Compound 4a showed a moderate activity against two Gram-positive strains (MIC 32 g/mL), while both antifungal drugs were inactive in this experiment. For all the studied strains, the MBC/MIC ratio of 4b was found to be 2-4 suggesting its biocidal properties.
Antibacterial activity of compound 4b has also been tested on six bacterial strains from the same panel of pathogens in the presence of CaCl 2 [38] . The MIC values of 4b in the presence of Ca 2+ ions were significantly increased for both Gram-positive and Gram-negative strains (>64 g/mL as compared to 1-32 g/mL under Ca 2+ -free conditions). This observation suggests that the cell wall damage could be associated with the Ca 2+ removal and might represent the possible mechanisms of antibacterial action of 4b. Figure 2 ). Since no biofilm eradication occurred at all concentrations of 4b tested, its antimicrobial activity against biofilmembedded cells was evaluated by counting of viable cells (colony-forming units, CFUs) inside the biofilm (Figure 3) . The activity of 4b in these experiments was comparable with that of other ammonium quaternary salts like miramistin and benzalkonium chloride as judged with Pearson's chi-squared homogeneity test. Similar to reference antimicrobials, 4b was active against the biofilm-embedded staphylococci ( Figures  3(a) and 3(b) ) and E. coli (Figure 3(c) ) reducing the CFUs amount by 2-3 orders of magnitude at 16 × MBC. By contrast, all compounds were almost inactive against P. aeruginosa even at 16 × MBC (Figure 3(d) ).
Activity against Bacterial
3.1.6. Genotoxicity. In order to evaluate the genotoxicity of 4b, the Ames test [31] was performed using five S. typhimurium TA98, TA100, TA102, TA1535, and TA1537 strains. The positive controls for each strain are described in the Methods section. The samples were taken in concentrations of 0.2, 0.4, 0.8, and 1.6 g/mL since higher concentrations were toxic for S. typhimurium. In all the studied strains, no increase in the number of revertant colonies was detected, as well as no dose-dependence was observed (Table 3) , suggesting the absence of mutagenic potential of 4b.
Genotoxicity of compound 4b was also evaluated using SOS-chromotest in S. typhimurium TA1535/pSK1002 strain as previously described [39] . Mitomycin C was used as a positive control in SOS-chromotest. The optical density at 420 nm (OD420) was measured, and -galactosidase activity was normalized to the amount of cells estimated from the OD600 values. SOS induction factor was calculated as a ratio ofgalactosidase activity in the presence of compounds and the solvent control (Table 4 ). The concentrations of 4b were in the range of 0.75-150 g/mL. The tested compound as well as the reference biocides miramistin and benzalkonium chloride led to dose-dependent increase of -galactosidase activity suggesting the development of SOS-response in cells at high concentrations. DNA-damaging activity of compound 4b was similar to that of benzalkonium chloride and significantly lower as compared to that of miramistin under the tested concentrations.
3.1.7.
Cytotoxicity. Cytotoxicity of compounds 4a,b and the reference antifungal and antibacterial drugs was evaluated in human fibroblast cells (HFC) and human embryonal kidney (HEK-293) cells (Table 5) . Fluconazole demonstrated the lowest cytotoxicity among the studied molecules. Compound 4a was more toxic than fluconazole, but less toxic than all other compounds. The leading compound 4b was more toxic than 4a and fluconazole, slightly more toxic than terbinafine, and significantly less toxic than miramistin and benzalkonium chloride. The latter were the most cytotoxic in the studied group. For deeper characterization of compounds cytotoxicity, their CC 50 /MBC ratios were calculated with minimal and maximal MBC values established for the bacteria analyzed (Table 5) .
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Concentration, xMBC
Benzalkonium chloride Miramistin 
Discussion
Antimycotic Activity.
Fluconazole is a drug widely used for the treatment of various fungal infections. Despite certain side effects, it has low toxicity and is generally well tolerated, and the recommended therapeutic regimens are very appealing to the patient. However, many fungal pathogens including various Candida species develop resistance to fluconazole. In addition, the data reported in literature and obtained in this work indicate that this drug can be ineffective for the biofilms-associated infections. In this relation, the development of more effective therapeutic agents for the treatment of various forms of candidiasis represents a highly actual task.
To overcome the problems associated with fluconazolebased therapies, in this work we have attempted to design a novel hybrid construction based on quaternary ammonium derivatives of fluconazole and pyridoxine. Our aim was to increase antimycotic activity, including activity against biofilm-forming fungi, and reduce ability of fungal pathogens to develop resistance.
Since the 1930s, quaternary ammonium compounds (QACs) are widely used for the control of bacterial and fungal growth. Broad-spectrum antimicrobial activity [40, 41] has made many QACs such as benzalkonium chloride, miramistin, and cetylpyridinium chloride, the useful hygienic adjuncts in disinfectant formulations, and they have also been used in therapy of patients with local pyoinflammatory processes. QACs can also be active against the main pathogenic fungi, such as Candida albicans [42] , Cryptococcus neoformans [43] , Saccharomyces cerevisiae [44] , and Aspergillus flavus [45] .
The underlying idea for introduction of pyridoxine (vitamin B6) moiety into the developed hybrid structures is that the presence of pyridoxine moiety can enhance transmembrane transport of the obtained constructs via several possible mechanisms. First of all, many cells have Table 3 : Mutagenicity of 4b in the Ames test (ratio, fold increase over the solvent control). specific pyridoxine transporters in their membranes (e.g., [20] ). Furthermore, vitamin B6 is a cofactor for more than 140 essential enzymatic reactions, and pyridoxine-modified molecules are often recognized by many pathogenic cells and microorganisms as endogenous. As a result, they have increased cellular permeability and increased bioactivity. For example, the development of pyridoxine-modified nanoparticles for efficient intracellular delivery of doxorubicin (DOX-B6-SA-NP) was reported [21] . It was demonstrated that the treatment with DOX-B6-SA-NP kept higher doxorubicin accumulation inside the cells than conventional lipid nanoparticles. The positive charge of nanoparticles facilitated the endosomal escape and promoted the nuclear accumulation of the drug. In vitro studies confirmed the enhanced efficacy of DOX-B6-SA-NP in comparison to free doxorubicin and lipid nanoparticles. Intravenous pharmacokinetics and biodistribution studies demonstrated that pyridoxinemodified nanoparticles can significantly prolong the blood circulation time of doxorubicin in the biological system and increase the drug accumulation in the tumor tissue. As compared to free drug, DOX-B6-SA-NP exhibited increased therapeutic efficacy and lower toxicity in animal models. In general, the obtained results suggest that the pyridoxinemodified nanoparticles represent a prospective platform for anticancer drugs delivery.
S. typhimurium strain
Another practical reason for introduction of pyridoxinebased cyclic acetals into the developed hybrids is the possibility of easily varying the acetal substituents in order to modify lipophilicity, steric parameters, and other physicochemical properties of the obtained structures.
The obtained results demonstrate that the developed structures have potent antimycotic activity against several fungal pathogens, including C. albicans, T. rubrum, A. fumigatus, and R. nigricans with MICs in the range of 1.5-6.25 g/mL for the leading compound 4b. The latter also inhibited the growth of C. albicans biofilms. Interestingly, fluconazole, the direct analog of the obtained compounds, was almost inactive in this experiment against the mycelial fungi and only moderately active against the clinical strain of C. albicans (MIC 50 g/mL).
It is well known that C. albicans biofilms are highly resistant to the action of many clinically important antifungal and antimicrobial agents including fluconazole [46, 47] . C. albicans biofilm formation proceeds via at least three developmental phases: (i) early phase (0 to 11 h), involving adhesion of fungal cells to the substrate, (ii) intermediate phase (∼12 to 30 h), during which the blastospores coaggregate and proliferate, forming communities while producing a carbohydrate-rich extracellular matrix (ECM), and (iii) maturation phase (∼31 to 72 h), in which the fungal cells are completely encased in a thick ECM [46] . Acquisition of antifungal resistance by C. albicans biofilms correlates with the developmental phases of these biofilms. It was reported that at later developmental phases (12 and 48 h), biofilms formed by C. albicans typically displayed complete resistance to fluconazole [48] .
In this work, we measured the biofilm biomass growth at the maturation phase (48 h ). Compound 4b demonstrated expressed ability to inhibit growth of biofilm biomass in all concentrations studied as compared to untreated sample (Figure 2) . The inhibition was maximal at concentrations more than 400 g/mL, while in the range of 3.1-25 g/mL the effect was less expressed. In agreement with the literature data, the biofilms formed by the studied clinical isolates of C. albicans were resistant to fluconazole at the same experimental conditions (Figure 1) . Moreover, in concentrations below 100 g/mL, fluconazole clearly stimulated biofilm growth. The effects of fluconazole stimulated growth of biofilms formed by Candida species were reported in literature (e.g., [36, 49] ). The obtained results indicate that the leading compound 4b represents a useful candidate for the treatment of candidiasis caused by C. albicans biofilms.
Antibacterial Activity.
Another interesting and useful property of compound 4b is ability to inhibit growth of bacterial pathogens. Recently, we described a wide series of phosphonium and ammonium derivatives of pyridoxine [22, 23, 50, 51] . Some of the described compounds possessed potent antibacterial activity with minimum inhibitory concentrations (MICs) in the range of 0.5-64 g/mL. These results encouraged us to test the quaternary ammonium derivatives 4a,b in vitro for their ability to inhibit growth of a number of bacterial pathogens. We have observed that the antibacterial activity of 4b was comparable to that of the two widely used quaternary ammonium salts, benzalkonium chloride and miramistin. In general, compound 4b efficiently inhibited the growth of Gram-positive bacteria while exhibiting less efficiency against Gram-negative ones suggesting a different mechanism of antimicrobial activity against these two groups of microorganisms. In most cases the MBC/MIC ratio was found to be 2-4, suggesting that 4b exhibits biocidal rather than biostatic properties.
According to literature data [52] , QACs generally act by disrupting the cytoplasmic and outer membrane lipid bilayers through association of the positively charged quaternary nitrogen with the anionic head groups of acidic phospholipids and interaction of the lipophilic tail with the hydrophobic membrane core. As a result, QACs form mixed-micelle aggregates with hydrophobic membrane components leading thereby to membrane solubility and cell lysis because of generalized and progressive leakage of cytoplasmic materials. At the same time, other biomolecular complexes within the bacterial and fungal cells are potential targets for action of cationic surfactants. For example, a correlation of antifungal activity with fungal phospholipase inhibition has been described for a series of bis-quaternary ammonium salts [43] .
To gain insight into possible mechanism of action of compound 4b, its activity has been tested on six bacterial strains from the same panel of pathogens in the presence of CaCl 2 [38] . The mechanism of action of the membrane damaging drugs is often related to removal of Ca 2+ from the cellular membranes. Ca 2+ ions stabilize membranes by cross-linking of the negatively charged head groups of lipids, and this effect plays an important structural role in the integrity of the outer lipopolysaccharide layer and the cell walls of bacterial cells. Therefore, possible modification of antibacterial activity of the tested compound by Ca 2+ ions may indicate that it exerts its antimicrobial activity by causing cell wall damage.
In accordance with this hypothesis, we have observed that the MIC values of 4b in the presence of Ca 2+ ions were significantly increased for both Gram-positive and Gramnegative strains (>64 g/mL as compared to 1-32 g/mL under Ca 2+ -free conditions) ( Table 2 ). The observed activity decrease is probably related to the membrane-stabilizing effect. The increased concentration of Ca 2+ ions in the extracellular space prevents their removal from the cell upon the action of the tested compounds. Therefore, it can be suggested that the cell wall damage associated with the removal of Ca 2+ ions is one of the possible mechanisms of their antibacterial activity. Similar observations have been reported in our recent paper [53] for a series of quaternary bis-phosphonium salts of pyridine derivatives, which exhibited broad-spectrum antibacterial activity against Grampositive pathogens including methicillin-resistant strains of S. aureus.
So far, no specific target has been identified for most QACs; it is assumed that the effect is rather generalized than specific to one target. However, as discussed in literature [52] , there should be some target specificities, for example, as shown for the bis-quaternary bis-naphthalimide MT02 [54] , because the activity of QACs toward different bacterial species varies substantially and cannot be explained simply by the structure of cationic and hydrophobic portions [55] . It is therefore possible that compound 4b exerts membrane damage, leading to disruption of the cell envelope and arresting intracellular activity by binding targets in the cytoplasm. The above described antibacterial effects in the presence of Ca 2+ ions suggest that 4b interacts with bacterial membranes. However, the role of intracellular targets in its antibacterial action remains unclear. Pyridoxine molecule is a wellestablished cofactor for many enzymes. Therefore, pyridoxine derivatives can participate in many intracellular interactions thus leading to enhanced or more specific antibacterial action. The observed effect of 4b in the SOS-chromotest on S. typhimurium may suggest some specific interaction with DNA; however, this hypothesis requires further experimental investigation.
It was also observed that Gram-positive bacteria are generally more sensitive to 4b than Gram-negative bacteria, which is in agreement with literature data on QACs [52] .
According to our recent report, quaternary ammonium pyridoxine derivatives are able to penetrate the bacterial biofilms and efficiently eradicate them [28] . Therefore, it was Journal of Chemistry 13 interesting to evaluate capability of 4b to target the biofilmembedded bacterial cells. To address this issue, four common human resident Gram-positive (S. aureus, S. epidermidis) and Gram-negative (E. coli and P. aeruginosa) bacteria causing nosocomial infections and forming rigid biofilms on tissues and abiotic surfaces were chosen as model objects. The bacterial strains were grown in basal medium (BM) broth in 24-well plates for 72 hours to obtain rigid biofilms. Then the wells were washed, filled with fresh BM containing different concentrations of antimicrobials, and incubated for the next 24 hours. The amount of colony-forming units (CFUs) in the biofilm was quantified using a drop plate approach. Both benzalkonium chloride and miramistin were active against the biofilm-embedded staphylococci (Figures 3(a) and 3(b) ) reducing the CFUs amount by 3 orders of magnitude at (4-6) × MBC (minimum bactericidal concentration). At the same time, both drugs were less effective against E. coli (Figure 3(c) ) and almost inactive against P. aeruginosa (Figure 3(d) ). The activity of 4b in these experiments was not so expressed ( Figure 3 ). Thus, it was inactive against S. epidermidis and P. aeruginosa strains even at 10 × MBC and only moderately active against S. aureus and E. coli. At the same time, although 4b was not so efficient in eradicating the studied biofilms, the observed activity against S. aureus and E. coli suggests its ability to penetrate through the biofilm wall. Taking into account the fact that MIC of many antibiotics against biofilmembedded bacteria increases up to 1000-fold as compared to their planktonic forms, it can also be suggested that further structural modification can increase the activity.
Safety Issues.
The results of the Ames test suggest the absence of mutagenic potential of 4b. At the same time, the tested compound as well as the reference biocides miramistin and benzalkonium chloride led to dose-dependent increase of -galactosidase activity suggesting the development of SOS-response in cells at high concentrations. DNA-damaging activity of compound 4b was similar to that of benzalkonium chloride and significantly lower as compared to that of miramistin.
The cytotoxicity studies on human fibroblast cells and human embryonal kidney cells demonstrate that compound 4b was more toxic than the reference antifungal drugs (fluconazole and terbinafine), but significantly less toxic than miramistin and benzalkonium chloride, the effective antiseptics for the local treatment of infected wounds with declared low side effects [56, 57] . In particular, CC 50 value of benzalkonium chloride for the normal human fibroblasts was reported to be 6.7 g/mL, with CC 50 /MBC ratio of 0.05 [58] . In our studies, CC 50 of benzalkonium chloride was found a bit less (2.1 g/mL), while the CC 50 /MBC for both human fibroblasts and 2 HEK-293 cells was in range of 0.5-2 (Table 5 ). For 4b the CC 50 /MBC ratio was also found in a range of 0.5-2 for human fibroblasts and 2-4 for HEK-293 cells, suggesting that it has at least similar therapeutic index with benzalkonium chloride, which is widely used as a biocide for outer treatment [56, 57, 59] .
In general, comparative evaluation of activity and safety parameters for compound 4b and the reference antifungal and antibacterial drugs suggest promising potential of the obtained chemotype in the design of novel broad-spectrum antimicrobial agents.
Conclusion
In this work, we have synthesized two novel quaternary ammonium salts 4a,b, bis-triazolium derivatives of fluconazole and pyridoxine, and studied their antimycotic and antibacterial activity, cytotoxicity, and genotoxicity. The leading compound 4b demonstrated potent antimycotic activity against several fungal pathogens, including C. albicans, T. rubrum, A. fumigatus, and R. nigricans with MICs in the range of 1.5-6.25 g/mL. It also inhibited the growth of C. albicans biofilms. Under the same experimental conditions, fluconazole was inactive or moderately active against the studied fungal pathogens. In addition, 4b demonstrated high antibacterial activity on a panel of Gram-positive and Gram-negative bacterial strains with MICs in the range of 1-32 g/mL, which was comparable or better than that of the reference antibacterial drugs, benzalkonium chloride, and miramistin. Antibacterial activity studies in the presence of CaCl 2 suggested that the cell wall damage associated with the removal of Ca 2+ ions from the bacterial membrane is one of the possible mechanisms of antibacterial activity. In contrast to many antimicrobials, 4b was also active against biofilm-embedded staphylococci and Escherichia coli. While no biofilm structure destruction occurred, 4b was able to diffuse into the matrix and reduce the number of colonyforming units by three orders of magnitude at 16 × MBC. The Ames test in S. typhimurium showed the lack of DNA-damage activity for 4b; at the same time, it showed some mutagenic potential in the SOS-chromotest comparable to that of benzalkonium chloride. Cytotoxicity studies on human skin fibroblasts and embryonic kidney cells demonstrated that 4b was more toxic than 4a and fluconazole, slightly more toxic than terbinafine, and significantly less toxic than miramistin and benzalkonium chloride. The obtained results make the described chemotype a promising starting point for the development of new antimicrobial therapies with a broad spectrum of antifungal and antibacterial activity and ability to inhibit biofilm growth.
